Department of Biological Chemistry structures (Harrington and Lieber, 1994a; Harrington and Lieber, 1994b). This mammalian protein has been and Molecular Pharmacology Harvard Medical School called FEN-1, MF-1, and exonuclease IV (Ishimi et al., 1988; Goulian et al., 1990; Robins et al., 1994; Waga et Boston, Massachusetts 02115 al., 1994a; Harrington and Lieber, 1994b). Biochemical studies have indicated that it functions in lagging-strand DNA synthesis in the processing of the 5Ј ends of OkaSummary zaki fragments (Goulian et al., 1990; Robins et al., 1994; Waga et al., 1994a) , and it has been proposed that it may Mutations in the S. cerevisiae RAD27 (also called RTH1 also function in the processing of branched structures or YKL510) gene result in a strong mutator phenotype.
Introduction small synergistic effect that was interpreted as being consistent with RAD27 functioning in mismatch repair Recent studies have shown that inherited and acquired (Johnson et al., 1995) . However, the strong mutator phemutations in mismatch-repair genes result in an innotype caused by rad27 mutations appears to be at creased mutation rate that appears to underlie both odds with mechanistic studies suggesting that eukarinherited cancer susceptibility and the development of yotic mismatch repair is likely to involve redundant some sporadic cancers (Eshleman and Markowitz, 1995; 5Ј-to-3Ј and 3Ј-to-5Ј exonucleases (Fang and Modrich, Kolodner, 1995; Marra and Boland, 1995; Kolodner, 1993; Modrich and Lahue, 1996) and raises the possibil-1996; Liu et al., 1996; Moslein et al., 1996) . These obserity that the rad27 mutator phenotype is primarily due to vations suggest that mutations in other mutator genes RAD27 functioning in a different DNA repair pathway. also may underlie the development of some cancers
In this study we present a detailed analysis of the rad27 and have stimulated an interest in identifying such mutator phenotype. Our results indicate that RAD27 genes. One such candidate gene is the Saccharomyces functions in a novel mutation-avoidance pathway that cerevisiae RAD27 gene (also called RTH1 or YKL510) .
is distinct from DNA mismatch repair. rad27 mutants display a strong spontaneous mutator phenotype and show increased rates of microsatellite instability (Johnson et al., 1995; Reagan et al., 1995; Results Sommers et al., 1995; Vallen and Cross, 1995) , a phenotype that has also been seen in some human tumors rad27 Mutants Display a Unique Mutator Phenotype To gain further insight into the role of RAD27 in mutation (for a review see Eshleman and Markowitz, 1995) . The S. cerevisiae RAD27 gene product is a member of a large avoidance, the mutator phenotype of rad27 mutants was characterized by using three different mutator assays family of endonucleases and exonucleases including S. pombe Rad2, human XP-G, and S. pombe and S.
previously used to study mismatch-repair-defective mutants (Williamson et al., 1985 ; Reenan and Kolodner, cerevisiae Exo1 (Szankasi and Smith, 1995 ; Tishkoff et al., unpublished data). The first mammalian homolog of 1992; Prolla et al., 1994; Marsischky et al., 1996) . These 
Mutation rates were calculated by the method of the median from experiments using 7 independent cultures (see Experimental Procedures). Two separate experiments were performed for the msh2 and msh2 rad27 strains; four were performed for the rad27 strain; and five were performed for the wild-type strain. Rates shown are the averages of these experiments. The numbers in parentheses are the fold inductions relative to the wild-type value.
assays were a forward mutation rate assay that detects less apparent after continued incubation, possibly because suppressor mutations were arising in this strong mutations inactivating the argenine permease gene (Can r mutations) and reversion assays detecting mutamutator background. Ninety-three percent of spore colonies containing both rad27 and msh2 mutations were tions that revert a 4-base insertion in the LYS2 gene (lys2-Bgl) or that revert a ϩ1 T insertion in a stretch of smaller than typical rad27 spore colonies (19 tetrads analyzed; 13 of 15 msh2::URA3 rad27::HIS3 spore colo-6 T's in the HOM3 gene (hom3-10). Patch tests (data not shown) and quantitative rate tests (Table 1) demonnies were smaller than rad27::HIS3 spore colonies). Analysis of the msh2 rad27 double mutant indicated strated that rad27 mutants had significant increases in the rate of accumulation of Can r mutations and lys2-that the mutator phenotype was similar to that of the rad27 single mutant for forward mutation to Can r , similar Bgl reversions but caused little increase in the rate of hom3-10 reversion. In comparison to the effect of msh2 to the msh2 mutant for reversion of hom3-10, and 3-fold higher than either of the single mutants for reversion of mutations in these assays, rad27 mutations caused a somewhat greater increase in the rate of accumulation lys2-Bgl (Table 1) . The simplest interpretation of this complex epistatic relationship is that RAD27 and MSH2 of Can r mutations (6-fold higher), a slightly lower rate of lys2-Bgl reversion (80%), and a significantly lower rate affect different pathways of mutation avoidance. (4-5%) of hom3-10 reversion. This latter result was striking because the hom3-10 reversion assay is a sensitive indicator of defects in MSH2-, MLH1-, or PMS1-depenMutation Spectra Data Indicate That MSH2 and RAD27 Function in Different Pathways dent mismatch repair (Williamson et al., 1985; Prolla et al., 1994; Marsischky et al., 1996) .
The observation that rad27 mutations had little effect in the hom3-10 reversion assay raised the possibility that A msh2 rad27 double mutant was constructed to examine the epistasis relationship between MSH2 and rad27 mutations do not affect MSH2-dependent mismatch repair. To understand more fully the mutator phe-RAD27. To minimize the possibility of suppressor mutations arising, the double mutant was constructed by notype of rad27 mutants, the spectrum of mutations that occurred in the different mutator assays was detercrossing a msh2::URA3 mutant to an isogenic rad27:: HIS3 mutant and dissecting tetrads from the resulting mined in the parental strain and derivatives containing either a msh2 mutation or a rad27 mutation (Figure 1 diploid. The double mutant was viable but it was noted that a growth defect greater than that seen for rad27
and Table 2 ). In the case of the msh2 mutant, the Can r mutations were primarily single-base deletions in short alone cosegregated with the double-mutant combination (data not shown), suggesting that RAD27 and MSH2 mononucleotide repeats (85%) or single-base substitution mutations (15%), and all of the Lys ϩ and Hom ϩ may affect different processes. This growth defect was Figure 1 . Summary of Lys ϩ Revertants Arising in rad27 and msh2 Mutants Independent Lys ϩ revertants were isolated from rad27 (RKY2608) and msh2 (RKY2605 and RKY2707) mutants, and nucleotides 271-584 of the LYS2 gene were amplified and sequenced as described in Experimental Procedures. Nucleotide sequence coordinates 362-427 and 461-502 of the coding strand of the lys2-Bgl allele are displayed. The Lys ϩ mutations arising in the rad27 mutant are displayed above the lys2-Bgl sequence, and the Lys ϩ mutations arising in the msh2 mutant are shown below the lys2-Bgl sequence. The nomenclature for mutations is provided in Table 2 . The numbers in parentheses indicate the number of independent times the mutation was observed. A total of 24 mutations in the rad27 background and 22 mutations in the msh2 background were analyzed. a Insertion/deletion mutations are designated by Ix-y (a, b). x is the nucleotide coordinate of the first nucleotide of the wild-type sequence that is repeated, and y is the nucleotide coordinate of the last nucleotide that is repeated. The repeated sequence is inserted between wild-type nucleotide coordinates y and y ϩ 1. a is the length of the insertion, and b is the length of the associated terminal duplicated sequence. For Can r mutations, nucleotide coordinates of the wild-type gene are used with the A of the ATG as nucleotide 1. For Lys ϩ mutations, nucleotide coordinates of the Lys2-Bgl allele are used with the A of the ATG as nucleotide 1. b For complex mutations, the first and last nucleotides given are the first nucleotides that are common to both the wild-type and the mutant sequence on either side of the mutant site. In cases in which the mutation involves or is adjacent to a homopolymeric run, the sequences have been extended to the first nucleotide on either side of the homopolymeric run. c The sequence of the upstream flanking repeat is ATTGGTA and the downstream flanking repeat is ATTGGTT. The middle repeat is ATTGGTT in one mutant isolate and ATTGGTA in the two remaining isolates. d The sequence of the upstream flanking repeat is GGTGCTGGGGT and the sequence of the downstream flanking repeat is GGTGCCTGGGGT. ND, not determined.
mutations were single-base deletions in short monoof the mutations arising in the rad27 mutant were insertion mutations of the same general structure as those nucleotide repeats. These results were qualitatively the seen in lys2-Bgl; the only differences were that the Can r same as previously observed for msh2 mutants with use mutations were found in a wider variety of locations of a different strain background (Marsischky et al., 1996) . and that there was greater variation in the length of the The spectrum of Lys ϩ reversion mutations arising in duplicated sequence. Similarly, the mutation event also the rad27 mutant strain (Table 2 and Figure 1) showed resulted in duplication of one copy of a short direct that 79% of the Lys ϩ revertants were insertion mutarepeat flanking the duplicated region. The lengths of tions. The most frequent insertion mutation was a duplithe short repeated sequence involved in these events cation of the 32 nucleotides comprising nucleotides ranged from 3 to 12 nucleotides. However, several dupli-384-415 of lys2-Bgl that restored the correct reading cations were found in which the short flanking repeats frame. The other insertion mutation was a duplication were not perfect and contained either base substitutions of the 11 nucleotides comprising nucleotides [486] [487] [488] [489] [490] [491] [492] [493] [494] [495] [496] or small insertions or deletions relative to the other reof lys2-Bgl that also restored the correct reading frame.
peat. In one case, the flanking duplication was a 7 bp In both cases the mutation event resulted in the duplicasequence in which one of the duplicated sequences tion of one copy of a short direct repeat flanking the contained a single base substitution, and in another duplicated region: in the case of the 32-nucleotide duplicase the flanking duplication was a 12 bp sequence in cation a 5-base repeated sequence was involved, and which one of the duplicated sequences contained a 1 in the other case a 4-base repeated sequence was inbp deletion. The remaining Can r mutations were a 24 volved. These results were in marked contrast to the bp deletion resulting from deletion of the sequence beresults seen in the msh2 mutant in this study and a tween two repeated 6 bp sequences with one copy of previous study (Marsischky et al., 1996) , in which all the repeat or were complex events that appeared to of the reversions were due to single-base deletions in involve multiple single-base changes (Table 2) . These mononucleotide repeats.
results were in marked contrast to the results seen in The nature of the mutations arising in the lys2-Bgl the msh2 mutant (Table 2) ; indeed the two Can r mutation reversion assay is constrained by two features of the spectra did not have any mutation types in common, LYS2 gene. They can arise only in the 143 bp region providing strong evidence that MSH2 and RAD27 funcbounded by the upstream and downstream termination tion in different pathways of mutation avoidance. codons flanking the lys2-Bgl mutation and thus are con-
The hom3-10 mutation reverts at a high rate in a msh2 strained by the nature of the sequence in this region. In mutant owing to the deletion of a single T in a run of 7 addition, the protein sequence changes resulting from T's (Tables 1 and 2 ). In a wild-type strain, reversion the frameshift mutations must yield an active protein.
of hom3-10 occurs at much lower rates and is due to To analyze the mutations that can arise in a less condeletion of a single nucleotide in short mononucleotide strained situation, the sequences of Can r mutations, repeats at or near the hom3-10 mutation (Tables 1 and  which inactivate the 1.8 kb arginine permease gene, 2). The limited number of mutable sites observed suggests that the Hom3 protein does not tolerate much were determined. The results (Table 2) showed that 68% RAD27/RAD27 (RKY1340) and rad27/rad27 (RKY2718) strains were plated for single colonies on a YPD plate and incubated at 30ЊC for 7 days and then incubated at room temperature until the red pigment resulting from the presence of the ade2/ade2 mutations was most prominent. Crossing over between the centromere and ADE5/ade5 (see Table 4 ) followed by chromosome segregation produces ade5/ade5, ade2/ade2 cells that become white because the ade5 mutation blocks the formation of the red pigment in ade2 mutants; thus the appearance of white sectors is indicative of crossing over. Crossing over between the centromere and ADE6/ade6 (Table 4) does not produce white ade6/ade6, ade2/ade2 cells because such progeny are also cly2-ts/cly2-ts and hence inviable at 30ЊC. Similarly, chromosome loss does not produce white ade5, ade6, ade2/ade2 cells because these cells are also cly2-ts and hence inviable at 30ЊC. The presence of numerous white sectors in RKY2718 compared to RKY1340 is indicative of increased mitotic crossing over in rad27/rad27 mutants.
sequence variation in the region altered by the hom3-10 rad27 mutants might have increased rates of recombination and be lethal in combination with mutations that mutation. Mutations in RAD27 cause an increase in the rate of hom3-10 reversion that is only 4.6% the rate of cause recombination defects.
To test the possibility that mutations in RAD27 cause hom3-10 reversion seen in a msh2 mutant (Table 1) . Sequence analysis of the mutations causing reversion increased rates of mitotic recombination, rad27/rad27 diploids were constructed in a strain background conof hom3-10 in the rad27 mutant showed they all were single-base deletions of the type seen in a msh2 mutant taining markers allowing measurement of several different mitotic recombination events (Esposito and Brown, ( Table 2 ; Marsischky et al., 1996) . This indicates that single-base deletions in short mononucleotide repeats 1990; Tishkoff et al., 1994) . When the isogenic RAD27/ RAD27 diploid was grown at 30ЊC, all of the colonies can occur in a rad27 mutant but only at less than 5% the rate seen in a true mismatch-repair-defective mutant.
were red, consistent with the presence of two copies of chromosome VII and a low rate of mitotic crossing The spectrum of Lys ϩ revertants seen in rad27 and msh2 mutants overlap only to a small extent, allowing over and gene conversion (Figure 2 ). In contrast, every colony of the rad27/rad27 diploid had white sectors the possibility of examining the epistasis relationship between MSH2 and RAD27. Analysis of the spectrum consistent with mitotic crossing over between the centromere and ADE5 (note that white sectors present at of Lys ϩ mutations observed in the rad27 msh2 double mutant showed that 12% of the mutations were the 30ЊC cannot be due to chromosome loss or crossing over between the centromere and ADE6 because of the major 32 base insertion seen in the rad27 single mutant, 73% of the mutations were the ϪA deletion in a 6 A run presence of the cly8-ts allele on the same chromosome between ade6 and the telomere; see Table 4 ) (Figure 2 ). and the ϪC deletion in a 4 C run that comprise the major mutation hotspots seen in the msh2 mutant, while the To quantitate the rate of crossing over between LEU2 and CYH2, we measured the rate of production of Trp ϩ , remaining mutations were single base deletions in short mononucleotide repeats (Table 2 ). While the sample size Leu ϩ , Cyh r , white (ade5/ade5) progeny (Table 3) . The results showed that mutation of RAD27 resulted in a 25-in this experiment was small, the mutation spectrum observed in the double mutant approximated the prefold increase in the rate of mitotic crossing over in this interval. We observed a 5-to 7-fold increase in the rate dicted sum of the mutation spectra of the corresponding single mutants, taking into account the rate of accumuof recombination between his7 and lys2 heteroalleles in the rad27 mutant, an increase that is most likely due to lating mutations in the single mutants (rad27 mutants accumulate Lys ϩ mutations at 80% of the rate seen in gene conversion (Table 3 ). In addition, there was a 30-fold increase in the rate of single-site conversion at msh2 mutants; Table 1 ). These data strongly suggest that RAD27 and MSH2 function in different mutation CYH2 in the rad27 mutant (Table 3) . However, a large proportion of the latter effect could be due to forward avoidance pathways. mutation of CYH2 rather than gene conversion, based on the high rate of forward mutation observed in rad27 Increased Recombination in rad27 Mutants Most of the mutation events observed in the rad27 mumutants (Table 1) . These results are consistent with previous studies that reported increased recombination fretant appear to involve homologous interactions between short direct repeats ( Figure 1 and Table 2 ). Such events quencies in rad27 mutants (Vallen and Cross, 1995) . To determine whether the hyperrecombinogenic phecould be due to long-range replication slippage errors that occur as a result of aberrant processing of the 5Ј notype of rad27 mutants is due to the accumulation of DNA damage, a rad27 mutant was crossed to isogenic end of Okazaki fragments in rad27 mutants. Alternatively, some type of replication error or damage could rad51 and rad52 mutants. Both rad51 and rad52 mutations cause defects in double-strand break repair, and occur as a result of aberrant Okazaki fragment processing in a rad27 mutant, and this error or damage rad52 strains in addition display a defect in single-strand annealing (Petes et al., 1991; Ivanov et al., 1996) . In the could be repaired by recombination resulting in the observed mutations. The latter possibility predicts that rad27 ϫ rad51 cross (Figure 3) , a high degree of spore 
Recombination rates were calculated by the method of the median in experiments using 11 independent cultures (see Experimental Procedures). In brief, liquid cultures grown at 30ЊC in SD ϪLeu ϪTrp liquid media were streaked onto YPD plates and grown at 30ЊC for 3 days. Twomilliliter liquid cultures were inoculated with independent colonies about 2.5 mm in diameter and grown overnight at 30ЊC. One hundredmicroliter aliquots of appropriate dilutions were plated onto synthetic complete, SD ϪLys, SD ϪHis, or SD ϪLeu ϪTrp cycloheximide media. Colonies were counted after 3-7 days of incubation at 30ЊC. The numbers in parentheses are the fold induction relative to the wild type value. GC, gene conversion; SSC, single-site conversion; XO, crossover event.
inviability (31%) was observed compared to the crosses reported the construction of rad27 rad52 double mutants by transformation (Sommers et al., 1995) ; it is posof either rad27 or rad51 to the wild-type strain (5% inviable spores or 5.5% inviable spores, respectively). Similar sible that this conflicting result was due to the selection of suppressor mutations during the transformation proresults were observed when rad27 was crossed to a rad52 strain (32% inviable spores; data not shown). To cedure or to a strain-specific difference. confirm that the observed spore inviability was due to lethality of rad27 in combination with either rad51 or Discussion rad52, the spore clones recovered were genotyped by replica plating to appropriate media. No rad27 rad51
The data presented here demonstrate that the majority double mutants (29 tetrads analyzed, 0 double-mutant of mutations arising in a rad27 mutant are duplications spore clones found, 29 double-mutant spore clones resulting from a novel mutagenic process and are not expected) or rad27 rad52 double mutants (14 tetrads due to a defect in mismatch repair. The role of Rad27 analyzed, 0 double-mutant spore clones found, 14 douand its mammalian homologs in lagging-strand DNA ble-mutant spore clones expected) were recovered, insynthesis has been relatively well characterized. Rad27 dicating that these mutation combinations were not viahas been implicated in removal of the last ribonucleotide ble. Similar results have been obtained in crosses of S. from Okazaki fragments after RNase H has degraded cerevisiae rad27 mutants to RAD50 pathway mutants the rest of the RNA primer (Ishimi et al., 1988; Kenny et (L. A. Symington, Columbia Medical School, unpubal., 1988; Goulian et al., 1990; Turchi and Bambara, 1993 ; lished data) and by the unsuccessful generation of S. Turchi et al., 1994; Harrington and Lieber, 1994a ; Waga cerevisiae rad27 rad50 or S. pombe rad2 rhp51 (the S. et al., 1994a) . It has been proposed that Rad27 accompombe homologs of Rad27 and Rad51, respectively) plishes this by either of two pathways: endonucleolytidouble-mutant strains by transformation methods (Murcally, by cleaving the 5Ј flap structure resulting from DNA ray et al., 1994; Reagan et al., 1995) . One study has polymerase, displacing the 5Ј end of the downstream Okazaki fragment, or exonucleolytically, by cleaving the last ribonucleotide and deoxyribonucleotide of the Okazaki fragment (Wu et al., 1996) . Figure 4 illustrates a hypothetical mechanism that may account for the generation of duplication mutations seen in rad27 mutants, the hyperrecombination phenotype of rad27 mutants, and the synthetic lethality between rad27 and rad52 or rad51 mutations. In this hypothesis, DNA synthesis extending the 3Ј end of an Okazaki fragment runs into the 5Ј end of the next Okazaki fragment and displaces it. Normally this "flap" is processed by the 5Ј endonuclease activity of Rad27 (FEN-1) (Wu et al., 1996) . In the absence of Rad27 there is more extensive strand displacement synthesis (Figure 4, step a) . The resulting single-stranded region exposed by the displaced flap is likely to be susceptible to breakage (Kuzminov, 1995) , or, alternatively, it could be cleaved by an unidentified endonuclease; either case results in a by a 5Ј-to-3Ј exonuclease (Figure 4 , step d) (Sugawara pairing should occur much more frequently than the unequal pairing of the short direct repeats, because these repeats (3-12 bp) are considerably shorter than the minimum efficient pairing sequence size (Sugawara and Haber, 1992; Jinks-Robertson et al., 1993) . The double-strand break could also be repaired by single-strand annealing recombination (Petes et al., 1991; Ivanov et al., 1996) . This could occur in a nonmutagenic mode by reannealing of the entire duplicated sequence ( Figure  4, step f) or, alternatively, by a mutagenic mode due to out-of-register reannealing of short repeat sequences present within the longer duplicated sequence at the ends of the double-strand break, followed by DNA synthesis to fill in the resulting gaps, producing the types of mutations seen in rad27 strains (Figure 4, steps g and  h) . The same type of mechanism could also produce the deletion mutation seen. In principal, mutagenic and nonmutagenic single-strand annealing do not require the conversion of 5Ј single-stranded overhangs to 3Ј single-stranded overhangs (Figure 4 , steps c and d); we propose these steps because studies on HO endonuclease-induced mitotic recombination have indicated that double-strand breaks are processed to 3Ј singlestranded overhangs (Sugawara and Haber, 1992) . Our results do not disprove the possibility that the types of duplication mutations seen here could be due primarily to long-range replication slippage (Figure 4 , steps i and j) (Streisinger et al., 1966; Lovett and Feschenko, 1996) ; however, this latter hypothesis does not as easily explain (Tran et al., 1996) , a replication slippage mechanism DNA polymerase extends into the downstream Okazaki fragment would predict that the frequency of small duplication and displaces it, resulting in a 5Ј "flap" structure that is removed by mutations would be increased in the msh2 rad27 double the endonucleolytic action of Rad27 (FEN-1) . The resulting singlemutant compared to the rad27 single mutant; this was strand break is sealed by the action of DNA ligase and possibly a not observed (Table 2) . DNA polymerase. In the absence of Rad27, extensive displacement Based on the rate of accumulating Can r mutations in presumably double-strand breaks, in rad27 mutants that occur in mismatch-repair-defective strains such (Vallen and Cross, 1995) .
as msh2, pms1, and mlh1. It seems unlikely that rad27 The results presented here indicate that the majority mutations will be found to underlie the same types of of the mutations that arise in rad27 mutants are not sporadic cancers and inherited cancer susceptibility due to defects in DNA mismatch repair. This view is in syndromes associated with mismatch-repair defects contrast to that presented by Johnson et al. (1995) , who since the spectrum of target genes inactivated in the suggested that the increased mutation rate and dinucletwo different mutator backgrounds would probably be otide repeat instability seen in rad27 mutants were due different. Indeed, several studies have failed to find muto defects in DNA mismatch repair. However, the mutatations in FEN-1 (the human homolog of RAD27) in such tions observed in that previous study of rad27 mutants tumors (Risinger et al., 1996 ; N. Winand and R. D. K., could occur by the mechanism that we propose here.
unpublished data). It seems more likely that mutations Indeed, consistent with our observations, most of the in FEN-1 will be associated with the development of mutations in dinucleotide repeats observed in rad27 mutumors having the same type of mutator phenotype as tants were insertions of one dinucleotide repeat, wherethat found in rad27 mutants. as deletions were the predominant mutation in dinucleo-
The major type of insertion mutation seen in rad27 tide repeats in mismatch-repair mutants (Strand et al., mutants involves the duplication of sequences ranging 1993; Johnson et al., 1995) . It was suggested that RAD27 from 5 to 108 bp, including the duplication of one copy of played a specific role in mismatch repair in the correcthe short direct repeats that flank the duplicated region. tion of inserted dinucleotides; however, that idea seems Such mutations may be associated with many human inconsistent with the paucity of insertions in dinucleogenetic diseases, and in fact there have been several tide repeats in msh2 mutants. In addition, the 3-to 5-fold reports of germline mutations in human diseases with synergistic effect between rad27 and mutations in a duplication structure like that seen in rad27 mutants.
MSH2, PMS1, and MLH1 observed is consistent with
Some relevant examples include recent reports of germmutations in these two groups of genes affecting differline mutations causing autosomal recesssive retinitis ent pathways (Johnson et al., 1995) . Our analysis of pigmentosa, lethal junctional epidermolysis bullosa and the effect of rad27 mutations on hom3-10 reversion familial hypertrophic cardiomyopathy (Bayes et al., indicates that rad27 mutations do cause the accumula-1995; McGrath et al., 1995; Watkins et al., 1995) . These tion of mutations like those that occur in mismatchreports describe mutations caused by the duplication repair-defective mutants; however, the rate of accumuof 71-, 77-, and 18-bp sequences, respectively, in which lation of such mutations was less than 5% of the rate the mutational event also duplicated one copy of a short seen in a msh2 mutant. It is thus possible that rad27 perfect or imperfect repeat flanking the duplicated remutations cause a small defect in mismatch repair or, gion. It is probable that these types of germline mutaalternatively, that these mutations could be due to the tions are the result of spontaneous mutation events ocfailure of Rad27 to edit the 5Ј ends of Okazaki fragments curring by the same kind of mechanism that occurs at that are synthesized by the more mutagenic DNA polyhigh frequency in rad27 mutants. These same types merase ␣ ( Thomas et al., 1991) . Indeed, it is possible of duplication mutations have also been reported as that such editing errors are responsible for the small somatic mutations of the p53 and APC genes in different number of mutations observed in rad27 mutants that tumor types; such mutations are a low percentage of result from multiple linked single-base changes. Our all p53 and APC mutations reported, although it has conclusion that mutations in RAD27 do not cause a been suggested that these types of p53 mutations may major defect in mismatch repair is consistent with mechbe underreported (Greenblatt et al., 1996) . Although we anistic studies suggesting that eukaryotic mismatch rehave not analyzed all of the insertion mutations reported pair is likely to involve redundant 5Ј-to-3Ј and 3Ј-to-5Ј in the p53 and APC databases, we have found numerous exonucleases (Fang and Modrich, 1993; Modrich and examples of duplications ranging from 4 to 80 nucleoLahue, 1996); these observations predict that eliminatides that show the same type of duplication structure tion of only one exonuclease is unlikely to cause a major as the mutations seen in rad27 strains (Cottrell et al., defect in mismatch repair. 1992; Kishimoto et al., 1992; Miyoshi et al., 1992 ; Powell A number of studies have implicated mutations Jego et al., 1993 ; Nagase and Nakamura, mismatch-repair genes in both inherited cancer-sus-1993; Blaszyk et al., 1994; Hamelin et al., 1994 ; Miyaki ceptibility syndromes and the development of sporadic et al., 1994; Greenblatt et al., 1996) . Finally, we observed cancers (Eshleman and Markowitz, 1995; one 24 bp deletion in the rad27 mutator background in 1995; Marra and Boland, 1995; which the deleted sequence was bounded by a 6 bp al., 1996; Moslein et al., 1996) . The available data sugrepeated sequence. Several such deletion mutations ingest that not all cancers associated with microsatellite volving short duplicated sequences at each end of a instability, a mutator phenotype that can be caused by unique sequence have been reported in the databases mutations in mismatch-repair genes (Strand et al., 1993) , of p53 and APC somatic mutations (Jego et al., 1993 ; can actually be accounted for by somatic or germline Hamelin et al., 1994; Greenblatt et al., 1996) . These obmutations in known mismatch-repair genes (Katabuchi servations suggest that spontaneous mutation events et al., 1995; Liu et al., 1995; Liu et al., 1996; Moslein et occurring by the type of mechanism that occurs at high al. , 1996) . This has generated considerable interest in frequency in rad27 mutants may account for a proporidentifying additional mismatch-repair genes, and the tion of the natural mutation spectrum. Alternatively, tueffect of rad27 mutations on dinucleotide repeat instamors containing these duplication and deletion mutability has made RAD27 a logical candidate gene. The tions may have a defect in FEN-1 or another gene in results presented above demonstrate that rad27 mutants accumulate different types of mutations than those this pathway, resulting in higher rates of accumulation a, his3⌬200, ura3-52, leu2⌬1, trp1⌬63, ade2⌬1, ade8, hom3-10, lys2⌬Bgl RKY2605 a, his3⌬200, ura3-52, leu2⌬1, trp1⌬63, ade2⌬1, ade8, hom3-10, lys2⌬Bgl, msh2::hisG-URA3-hisG RKY2707 a, his3⌬200, ura3-52, leu2⌬1, trp1⌬63, ade2⌬1, ade8, hom3-10, lys2⌬Bgl, msh2::hisG RKY2608 a, his3⌬200, ura3-52, leu2⌬1, trp1⌬63, ade2⌬1, ade8, hom3-10, lys2⌬Bgl, rad27::URA3 RKY2611 a, his3⌬200, ura3-52, leu2⌬1, trp1⌬63, ade2⌬1, ade8, hom3-10, lys2⌬Bgl, msh2::hisG-URA3-hisG, rad27::URA3 RKY2664 ␣, his3⌬200, ura3-52, trp1⌬63 RKY2666 a, his3⌬200, ura3-52, trp1⌬63 RKY2615 ␣, his3⌬200, ura3-52, trp1⌬63, msh2::hisG-URA3-hisG RKY2628 ␣, his3⌬200, ura3-52, trp1⌬63 . Note that for URA3 PCR disruptions, the primsporulation media, minimal dropout media, 5-fluoroorotic acid, and ers that amplify the URA3 gene are homologous to the PM53 vector canavanine media were as previously described (Alani et al., 1994) .
containing the URA3 gene rather than the URA3 coding sequence In experiments with strains RKY1340 and RKY2718, minimal media (Manivasakam et al., 1995) . RAD27 was disrupted with URA3 using formulations were those described by Golan and Esposito (1977) , plasmid pMRrad27::URA3, graciously supplied by Errol Friedberg, except that the concentration of cycloheximide that was used was as previously described (Reagan et al., 1995) . The MSH2 gene was 2 mg/l. Strains were generally propagated at 30ЊC except for NLBL1, disrupted using the construct msh2::hisG-URA3-hisG present in which was grown at 24ЊC. Sporulation was also performed at 24ЊC. pRDK351 (Marsischky et al., 1996) . The msh2::hisG derivative, where Transformations were performed by a slight modification of the the URA3 was excised between the recombination of the hisG rehigh-efficiency lithium acetate method (Geitz and Schiestl, 1991) .
peats, was selected on minimal dropout plates containing 5-fluoroGenotyping of transformants was performed both by replica plating orotic acid. The lys2-Bgl allele was introduced using plasmid onto appropriate minimal media to allow analysis of the presence pSR125 obtained from S. Jinks-Robertson (Steele and Jinks-Robertand absence of specific genetic markers and by polymerase chain son, 1992), and the hom3-10 allele was introduced using plasmid reaction (PCR) analysis using primer pairs that allowed amplification pK8 constructed in this laboratory by B. Satterberg (Marsischky et of either the wild-type or mutant allele Kolodner, 1992). al., 1996) . The PCR primers used were as follows: RAD27, rad27:: URA3, and Most of the strains used were isogenic derivatives of S288C that rad27::HIS3, 25183 (5Ј-TAATTGCAGATCCCCCTAACG) and 24817
were constructed using a series of isogenic strains containing ura3-(5Ј-AAGAAATGAAGAAAAAGAAACCAG) ; and MSH2, msh2::hisG, 52, trp1⌬63, his3⌬200, leu2⌬1, ade2⌬1 , and ade8 alleles that were and msh2::hisG-URA3-hisG, 22491 (5Ј-GCTGGGAAGCTTCTTAGTA provided by Fred Winston (Winston et al., 1995) . The versions of this ATTTTGCTTGGG) and 22509 (5Ј-GCCAAAGACAAGTTCCGCACTCC strain used for mutagenesis experiments were RKY2672, RKY2605, ATCAAG). The correct disruption of RAD51 and RAD52 strains was RKY2607, RKY2608, and RKY2611 (Table 4 ). The versions of S288C verified by patch assay for mutator phenotype and for sensitivity to used for synthetic lethality experiments were RKY2664, RKY2666, methyl methane sulfonate using YPD plates containing 0.01% RKY2615, RKY2628, RKY2711, and RKY2617 (Table 4) . Recombinamethyl methane sulfonate (Petes et al., 1991) .
tion analysis was performed using a different previously described strain background. The parental strains were NLBL1 and NLBL3 Strains (Table 4 ; Esposito and Brown, 1990) . RKY2623 was a rad27::URA3 Mutant alleles were introduced into S. cerevisiae strains as required derivative of NLBL1; RKY2624 was a rad27::URA3 derivative of using standard gene disruption techniques. In many cases, the mu-NLBL3; and RKY2718 was a diploid constructed by crossing tations were constructed using a PCR-based method to generate RKY2623 to RKY2624 (Table 4) . a DNA fragment consisting of the HIS3 (or URA3) gene flanked by DNA from the 5Ј and 3Ј ends of the gene to be disrupted (ManivasaMutator Analysis kam et al., 1995). The PCR primers used were as follows (HIS3 Mutation rates were determined by fluctuation analysis by the and URA3-priming sequences are given in lower-case characters):
method of the median (Lea and Coulson, 1948 ) using seven indepenrad27::HIS3 24633 (5Ј-ACAGCATACATTGGAAAGAAATAGGAAACG dent cultures per experiment exactly as previously described (Reenan and Kolodner, 1992; Marsischky et al., 1996) . All rates reported GACACCGGAAGA AAAAAT ggcctcctctagtacactc) and 24634 (5Ј-AT are the average of two to five independent experiments. Mutation
